Atmospheric aerosol particles with a high viscosity may become inhomogeneously mixed during chemical processing. Models have predicted gradients in condensed phase reactant concentration throughout particles as the result of diffusion and chemical reaction limitations, termed chemical gradients. However, these have never been directly observed for atmospherically relevant particle diameters. We investigated the reaction between ozone and aerosol particles composed of xanthan gum and FeCl 2 and observed the in situ chemical reaction that oxidized Fe 2+ to Fe 3+ using X-ray spectromicroscopy. Iron oxidation state of particles as small as 0.2 mm in diameter were imaged over time with a spatial resolution of tens of nanometers. We found that the loss off Fe 2+ accelerated with increasing ozone concentration and relative humidity, RH. Concentric 2-D column integrated profiles of the Fe 2+ fraction, a, out of the total iron were derived and demonstrated that particle surfaces became oxidized while particle cores remained unreacted at RH = 0-20%. At higher RH, chemical gradients evolved over time, extended deeper from the particle surface, and Fe 2+ became more homogeneously distributed. We used the kinetic multi-layer model for aerosol surface and bulk chemistry (KM-SUB) to simulate ozone reaction constrained with our observations and inferred key parameters as a function of RH including Henry's Law constant for ozone, H O 3 , and diffusion coefficients for ozone and iron, D O 3 and D Fe , respectively. We found that H O 3 is higher in our xanthan gum/FeCl 2 particles than for water and increases when RH decreased from about 80% to dry conditions. This coincided with a decrease in both D O 3 and D Fe . In order to reproduce observed chemical gradients, our model predicted that ozone could not be present further than a few nanometers from a particle surface indicating near surface reactions were driving changes in iron oxidation state. However, the observed chemical gradients in a observed over hundreds of nanometers must have been the result of iron transport from the particle interior to the surface where ozone oxidation occurred. In the context of our results, we examine the applicability of the reacto-diffusive framework and discuss diffusion limitations for other reactive gas-aerosol systems of atmospheric importance.
Introduction
Organic matter in atmospheric aerosol stems from a variety of natural and anthropogenic sources and is found in significant quantities in almost every single particle. [1] [2] [3] Aerosol particles can both scatter and absorb light to varying degrees depending on their morphology and chemical composition, and they significantly impact the global radiative balance. 4, 5 These particles also act as nuclei for liquid droplets and ice in clouds. [6] [7] [8] The fate of aerosol particles residing in the atmosphere is largely dependent on physical processes such as rain out and gravitational settling, but also on chemical transformation. 9 Atmospheric aerosol particles are largely composed of organic and inorganic species such as sulfate, nitrate, ammonium, sea salts and trace metals, and this mix of compounds can influence uptake and internal production of oxidants. 10 In turn, reactions in the condensed aerosol phase can lead to significant chemical change over time. [11] [12] [13] For example, chemical reactions can lead to more oxygenated functionalities in particles thus increasing hydrophilicity leading to more efficient cloud condensation nuclei. 14 On the other hand, less hygroscopic sea spray aerosol particles can result from first condensing organic acids, then chlorine displacement and finally the formation of sodium-organic salts that take up less water than marine halides. 14, 15 Aerosol particles dominated by organic matter can be highly viscous with physical properties similar to glass or tar, or they can exist in a more liquid-like state depending on location, altitude, temperature and relative humidity. 16, 17 Reactions in highly viscous particles can be diffusion limited, i.e. when the transport of the involved parent species is slow. This results in a reduced overall rate of reaction. 17, 18 There is a wealth of research into the effects of this phenomenon on chemical and physical aerosol processes and includes, in part, aerosol growth after nucleation, [19] [20] [21] condensed phase reactions in secondary organic aerosol, 22 water uptake and ice nucleation 7 and preservation and transport of biomass burning tracer compounds 23 or pollutants. 13, 24 Oxidants such as OH [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and O 3 36-41 reacting with micrometer and submicrometer sized organic aerosol particles in a humidified environment have been previously observed and modeled to increase our understanding of how these small molecules may diffuse through and react within atmospheric particles. Further studies have made great strides in developing model frameworks to describe experimental data, including modeling of chemical reactions at the surface and within the bulk of aerosol particles. 29, 32, 35, 36, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] In Shiraiwa et al., 36 the chemical half life of amino acids in thin films of bovine serum albumin (BSA) at a relative humidity, RH, of 90% and temperature, T, of 25 1C was determined to be about 5 min and increased to over an hour when RH o 50%. These authors used the kinetic multilayer model for aerosol surface and bulk chemistry (KM-SUB) to attribute this RH dependence on inhomogeneous mixing of reactants and products and calculated that at RH = 50%, the BSA diffusion coefficient was 10 À20 cm 2 s À1 with a viscosity close to that of a glass, 36 typically greater than 10 12 Pa s. [53] [54] [55] Ozone had a diffusion coefficient of 10 À9 cm 2 s À1 and was predicted only to be present and reacting in the first tens of nanometers of the BSA films. 36 Heine et al. 41 found that the decay of squalene reacting with O 3 over time was identical over the RH range of 0-60%, leading them to use a stochastic multilayer model, Kinetiscope, to reproduce their results having a 1 nm adsorption layer where the reaction with O 3 was predicted to mainly occur. This was supported by the authors' previous studies 40 and their calculations of the O 3 diffusion coefficient during reaction observed for particles with a 1-2 nm squalene coating. 56 In an earlier study by Steimer et al., 38 shikimic acid particles were chemically imaged with scanning transmission X-ray microscopy coupled to near-edge X-ray absorption fine structure spectroscopy (STXM/NEXAFS) during O 3 exposure as a function of RH. The authors directly probed the CQC 1sp* electronic transition and observed that reactive decay was highly dependent on RH, where shikimic acid lifetime increased 3 orders of magnitude when RH was decreased from 82 to 12%. Later, Steimer et al. 39 Observations and models mentioned above gave great insight to how molecules react and diffuse in aerosol particles, however there is a lack of direct observations of the internal chemical gradients throughout the bulk of a particle to compare against any model predictions until now. The term chemical gradient is defined here to describe a concentration gradient of a reactant inside an aerosol particle due to chemical reaction and diffusion. We use STXM/NEXAFS to image chemical gradients with 35 nm resolution inside organic aerosol particles in situ during O 3 reaction at different RH and [O 3 ] g . Steimer et al. 38 were the first to attempt such a measurement. In a scenario where O 3 loss is fast compared to its rate of transport, referred to as a reacto-diffusive limitation, O 3 should not penetrate far into the particle interior. Instead, O 3 would be limited to a characteristic length scale known as the reacto-diffusive length, which depends on its diffusion coefficient and first order loss rate. 38 More precisely, it is the distance over which the O 3 concentration in the condensed phase, [O 3 ], drops by a factor of 1/e. In Steimer et al., 38 imaged chemical gradients in CQC absorption signal were not discernible under dry conditions, while homogeneous degradation of CQC occurred throughout the particles under humid conditions. Considering uncertainties due to image alignment, a low X-ray signal at thin particle edges and a limit on the contrast between CQC absorption and total carbon, these authors hypothesized that shikimic acid loss was constrained to a too thin layer to become visible. 38 Berkemeier et al. 49 later calculated the extent of the chemical gradient under low RH conditions to be well below 100 nm and beyond the resolution of STXM/NEXAFS.
In this study, we exposed particles composed of a mixture of xanthan gum (XG) and FeCl 2 to O 3 and observed internal chemical reaction gradients over time, t. Iron in FeCl 2 has an oxidation state of +2 and transitions to an oxidation state of +3 when reacted with O 3 , i.e. from Fe 2+ to Fe 3+ . [57] [58] [59] [60] [61] The use of iron in particles is a major benefit when employing STXM/ NEXAFS due to the fact that X-ray absorption peaks are strong, narrow and thus can be observed with much higher contrast to detect Fe 2+ and Fe 3+ compared to the absorption from carbon functionalities such as CQC used in previous measurements. 38, 40 Additionally, we built on previous work 62 and developed novel experimental and analytical procedures to quickly and efficiently quantify Fe 2+ and Fe 3+ for thousands of individual particles with a well-constrained uncertainty. In general, Fe containing aerosol particles are important, e.g. for their role in generating reactive oxygen species and free radicals in lung fluid and potentially leading to detrimential human health effects. [63] [64] [65] [66] Iron deposition impacts ocean fertilization and stimulating the growth of phytoplankton. 67 Iron oxidation state can affect iron solubility, and iron can bind with organic ligands in atmospheric or oceanic particles influencing bioavailability in aquatic ecosystems. [68] [69] [70] [71] [72] [73] [74] [75] Moffet et al. 62 used STXM/NEXAFS to quantify the Fe 2+ fraction, a, out of the total iron in ambient particles and calculated an average mass weighted value of a = 0.33 AE 0.08 during a pollution transport event from China to Japan, of which B5% of particles contained detectable iron. As a polysaccharide and biopolymer, XG is a unique model compound of marine derived organic matter in atmospheric aerosol. 76 The change in XG composition by a few percent in water is enough to result in large changes in solution viscosity, a property that is highly desired for additives used in the food industry. 77, 78 XG hygroscopicity is of particular interest because when RH decreases, XG water content decreases and its viscosity increases. 76, 79 We note that XG is a reference compound for quantifying what is known as ''transparent exopolymer particles'' in oceans [80] [81] [82] which have recently been found in ambient air at concentrations of 2 mg m À3 over the North Atlantic. 83 For these reasons, the XG/Fe 2+ system is an interesting proxy for understanding molecular diffusion and reaction limitations in atmospheric marine derived aerosol.
Here, we used iron as a tracer for STXM/NEXAFS to unambiguously identify chemical gradients in oxidation state as the direct result of reaction and molecular diffusion limitation. These data were used to experimentally derive 2-D projected a profiles within thousands of individual particles in situ yielding the first direct evidence of chemical gradients in viscous particles. We report on how gradients change when particles were dry (RH = 0%) or humidified at RH = 20, 40, 60 and 80%. KM-SUB was used to model molecular transport and reaction in spherical shells of aerosol particles and derived 3-D radial profiles of a using known chemical reaction rates. These 3-D a profiles were then used to calculate 2-D column integrated profiles of a for direct comparison with STXM/NEXAFS observations. Model parameters were diffusion coefficients for Fe and O 3 , D Fe and D O 3 , and were described with a Vignes-type equation as a function of water mole fraction. Henry's Law constant for O 3 in the XG/FeCl 2 matrix, H O 3 , was also derived. Our STXM/NEXAFS spatio-chemical data allows a novel constraint for modeling aerosol internal chemical profiles, i.e. simultaneous reproduction of bulk Fe 2+ depletion and the spatio-temporal evolution of O 3 and Fe 2+ reaction. In the context of our results, we discuss the applicability of the reacto-diffusive limiting case and the importance of direct observational constraints on model predictions of atmospheric aerosol chemical aging.
Methods
Mixed XG and FeCl 2 particles were nebulized from dilute aqueous solution, dried and impacted onto silicon nitride membranes for exposure experiments and in situ STXM/NEXAFS analysis. Particle diameters on all samples were between 0.2 and 4.0 mm. Prior to impaction, silicon nitride substrates were preglued into removable sample exchange clips fitted to either of two microreactors named the PolLux environmental microreactor 84 and the MPI-C aerosol micro-reactor. 85 Both microreactors flow a stream of gas with controllable temperature, humidity and ozone content over particles remaining fixed on X-ray transparent membranes. Further details of the microreactors are provided in previous publications 84, 85 and specific operating conditions are provided in the ESI. † Particles were impacted onto the silicon nitride substrates and exposed to He, O 2 , H 2 O and O 3 at a desired partial pressure and T p = 20 1C, and thus RH and reactive gas exposure could be well-controlled. 38, 84 Helium was used as a carrier gas with a flow of 20 cm 3 min À1 at standard temperature and pressure. A flow of O 2 at 5 cm 3 min À1 first passed through a custom built UV lamp O 3 generator then mixed with the humidified He flow. The concentration of O 3 over t was measured online using an absorption cell 38 and is given in Fig. S1 of the ESI. † The calculated water partial pressure and T p was used to determine the RH the particles were exposed to using the saturation vapor pressure parameterizations following Murphy and Koop. 86 A total microreactor pressure of 150 mbar and flow rate of 25 cm 3 min À1 was maintained. The operating principle of the MPI-C aerosol micro-reactor is similar to the PolLux microreactor. The MPI environmental cell was coupled to the same gas flow system as the PolLux microreactor with equal gas flow rates. However, the cell pressure was maintained at B450 mbar. This allowed for a greater concentration of O 2 in the O 3 generator, and thus a greater [O 3 ] g for experiment with higher exposure. Detailed experimental methods are further outlined in the ESI. † The Fe oxidation state and carbon functionality was probed using STXM/NEXAFS at the PolLux endstation located at the Swiss Light Source (SLS). 87 The transmission of X-ray photons through the particle was measured and converted to optical density, OD = Àln(I/I 0 ), where I 0 and I are the incident and transmitted photon count, respectively, and their uncertainty is
. X-ray light was focused to a 35 by 35 nm spot size while scanning a field of view (FOV) on the order of micrometers to generate an OD image at a single X-ray energy.
An image was made of hundreds to thousands of individually measured pixels, where each is the OD over an area of C10 À3 mm 2 . Multiple OD images over the same FOV taken over a range of X-ray energies were aligned and processed using publicly available software. 88 We primarily investigated the X-ray energy range between 700-735 eV, which is the Fe L-edge absorption. When present in particles, peak absorption due to Fe 2+ and Fe 3+ occur at slightly different X-ray energies, allowing to differentiate between the two. 89, 90 The X-ray energy at Fe 2+ peak absorption for FeCl 2 measured here was compared with previous literature 62 and an energy offset was obtained as a calibration. Peak absorptions for ferrous and ferric chloride are at 707.8 and 709.5 eV, respectively 62 as seen in Fig. 1 . Using the parameterization from Moffet et al., 62 a was determined from measuring the peak optical density, OD, corresponding to Fe 2+ and Fe 3+ indicated in Fig. 1 and taking their ratio, r. A more detailed description of our experimental methods, observations and how r and a is calculated is given in the ESI. † In addition, a careful assessment of X-ray exposure used to not damage the particles while maximizing signal is also included (see Fig. S2 and S3, ESI †).
The KM-SUB model was used to simulate chemical reaction and molecular transport inside of our XG/FeCl 2 particles and infer diffusion and solubility parameters. 45, 49 A detailed description of KM-SUB can be found in Shiraiwa et al. 45 and Berkemeier et al. 49 Briefly, this model solves the system of nonlinear differential equations for the time rate of change of O 3 and Fe 2+ in prescribed layers with defined thickness. It accounts for O 3 accommodation and absorption, the O 3 and Fe 2+ diffusion from the surface and within bulk layers and finally, the chemical loss of O 3 and Fe 2+ . The Knudsen number for our flow conditions was on the order of 10 0 and g was on the order of 10 À4 -10 À6 during reaction. These were used to determine the gas diffusion correction factor 42 close to unity and thus was ignored. A single spherical aerosol particle geometry with d p = 0.5 mm was applied for all simulations. The model had 2 spatial regions where the first extended from the surface to a short distance into the bulk and hosted 100 to 500 finely spaced layers to resolve the O 3 concentration there. The surface typically had the strongest chemical gradients because O 3 molecules that entered the particle were rapidly consumed by reaction with Fe 2+ . Care was taken to resolve l rd for both O 3 and Fe 2+ with multiple layers. The remaining particle bulk had evenly spaced layers with 0.5 to 2 nm thickness, which was sufficient to resolve observed Fe 2+ gradients. The total number of layers in a simulation varied between 500-1500 depending on O 3 and Fe 2+ gradients. a 0 was approximated to be uniform through the particle. The O 3 uptake coefficient, g, was calculated over time using the O 3 surface coverage, the net flux from the gas phase to the surface and the collision flux 45, 49 shown in Fig. S9 in the ESI. † The model was modified to include a changing gas phase O 3 concentration over t.
Results and discussion
3.1 NEXAFS spectra Fig. 1 shows example NEXAFS spectra of oxidized XG/FeCl 2 particles at dry and humidified conditions in comparison with the reference material FeCl 2 measured here and FeCl 2 and FeCl 3 from literature. 62 Two absorption peaks at 707.8 and 709.6 eV were observed for oxidized XG/FeCl 2 particles and were in agreement with Fe 2+ and Fe 3+ peak absorption energies for FeCl 2 and FeCl 3 , respectively. Although nearly identical peak positions were observed, we did not investigate how humidity and the organic polysaccharide matrix influences Fe electronic excitations in detail. Important to note from Fig. 1 (1)
We note that X-ray absorption at the Fe L-edge was observed to be distributed homogeneously throughout the particles and never in dense localized regions (i.e. as immersed iron nanoparticles) indicating that iron was well-mixed in our experiments.
Xanthan gum/FeCl 2 particles exposed to oxygen
We performed exposure experiments of XG/FeCl 2 particles to O 2 and observed no change in a as a function of t at any RH we investigated (see Fig. S4 in the ESI †). Therefore, any reaction taking place between O 2 and Fe 2+ over our time scales was considered negligible. Further discussion of reaction kinetics of O 2 and O 3 is discussed later in Section 4.5. The scatter in a for O 2 exposure mostly fell within AE0.07, which was the standard deviation of a for individual particles with a diameter, d p , seen in Fig. S5 in the ESI. † It is apparent that a values for larger particles have a smaller error. This is due to both the greater number of pixels and the greater signal statistics, i.e. Fig. 1 Near edge X-ray absorption fine structure (NEXAFS) spectra of oxidized XG/FeCl 2 particles at RH = 0 and 60% shown as the red and orange lines, respectively, along with measured FeCl 2 spectra as the blue line. Standards for ferrous and ferric chloride are shown as the blue and green shading, respectively. 62 Spectra have been scaled and shifted vertically for clarity. Dashed lines indicate typical peak absorption for Fe 2+ and Fe 3+ at X-ray energies of 707.9 and 709.6 eV. larger particles are thicker, absorb more and thus, have a better signal to noise ratio. Particles with d p o 0.2 mm (not shown) were discarded from our analysis because their error was typically larger than any physically realistic range in a. The standard deviation of each data set indicated in Fig. S5 and plotted in Fig. S4 (ESI †) was typically larger than the error propagated through quadrature. For the remainder of the manuscript, error bars on all a values are either AE0.07 or the propagated error, whichever is greater. . At RH = 0, 20 and 60%, shown as red, pink and green circles, respectively, [O 3 ] g was on the order of 10 3 ppb which was about 10 times higher than for RH = 40 and 80%. Fig. 2b shows a as a
Oxidation of xanthan gum/FeCl 2 particles by ozone
is taken from Fig. S1 (ESI †). Iron oxidation was greater at RH = 80% than at any other RH as a function of f. This can be seen in particular at f = 10 À3 atm s, where the blue symbols reach a = 0.3 while all other data at RH o 80% have higher a. In general, as RH or [O 3 ] g increased, O 3 heterogeneous reaction rates must have also increased. We acquired chemical images with high spatial resolution to quantify a over the particles in two dimensions. To accomplish this, a was averaged over all pixels identified at the perimeter of particles irrespective of particle size. In other words, a was calculated from the particle perimeter to 1 pixel, or 35 nm, from the surface. Then, all adjacent concentric pixels toward the particle center (from 1 to 2 pixels from the particle surface or 35-70 nm) were identified and their corresponding a values averaged. This continued toward the center of particles and generated a 2-D concentric profile of a, which is also a column integrated profile. More oxidation occurred at the perimeter than at the center of particles, and the chemical gradients were typically shallow for all RH. For example, a increased from 0.45 to 0.65 at RH = 40% and t = 180 min (orange symbol color in Fig. 3c ) over B0.5 mm. At RH = 80%, a increased from 0.25 to 0.35 for the same reaction time and distance. For RH = 0 and 20%, a increased only from the surface to B0.2 mm in depth, implying a stronger Fe 2+ concentration gradient under dry conditions than for more humid conditions. Prior to exposure, initial values of a were not equivalent to 1, implying that the short time spent in contact in ambient laboratory air was enough to trigger oxidation. However, we carefully quantified initial a prior to O 3 exposure to ensure a high enough value for experiments as shown by the grey symbols in Fig. 3 .
Observed 2-D profiles were likely to be influenced by 4 factors. The first is the plasticizing effect water has on viscous XG-containing particles to the extent that a greater water content likely enhanced D O 3 . At low RH, D O 3 may have been low enough to limit penetration to the particle bulk for further reaction with Fe 2+ in line with our observations that a was always less at particle surfaces than at their center. The glass transition temperature of XG was previously determined to be À16.4 and À23.3 1C for RH of 11 and 84%, respectively. 79 Although our experiments were performed at 20 1C which is significantly warmer than the glass transition temperature, we still expect sufficiently low diffusion coefficients as to limit reactions due to the fact that XG is thermally stable and its viscosity does not change much with temperature. 78, 91 Dawson et al. 76 extrapolated viscosity measurements in dilute XG aqueous solutions from Wyatt and Liberatore 92 to higher concentrations and RH = 80% obtaining 10 13 Pa s at 20 1C. We note that extrapolations beyond experimental conditions can be inaccurate. However, this high value is in line with our suggestion that XG remains highly viscous and possibly close to or in a glass-like state even at high humidity. As a consequence, slow molecular transport of O 3 through the glassy XG matrix should contribute to our observed gradients.
The second effect on observed 2-D profiles and RH-dependent oxidation kinetics is that H O 3 may increase under dry conditions in XG compared to water where the condensed phase ozone It was observed previously that for pure shikimic acid, H O 3 in organic material was about an order of magnitude higher than for O 3 in water. 38, 49 Solubility of O 3 is known to be higher in less polar solvents, thus it is expected that higher organic content (less polar than water) leads to an increase in O 3 solubility. 93 Higher values of H O 3 may increase condensed phase O 3 concentration near the surface, increase the first order reaction rate there and cause stronger chemical gradients at low RH. A third reason is the change in the diffusion coefficient of Fe as a function of RH. As XG is a hydrogel material that takes up water in subsaturated conditions, we hypothesize that the Fe diffusion coefficient, D Fe , should increase with increasing RH. A higher or lower value of D Fe should result in more homogeneous or inhomogeneous a distribution, respectively, which is in line with our observations. The fourth factor influencing 2-D profiles is dilution with water at higher RH. Water uptake will increase particle volume and cause [Fe tot ] to decrease and thus decrease the first order loss rate. Accounting for the water content as a function of RH between 0-80% given by Dawson et al., 76 [Fe tot ] varies by about 20%. This is small and expected to have little effect compared to changing Henry's Law constant or the diffusion coefficient, which is typically orders of magnitude over a relatively narrow range in RH. 49, 94 We argue that faster transport of Fe 2+ out of the particle core and faster transport of O 3 into the particle from the surface brings them together more readily allowing reactions to proceed at a faster rate at higher RH.
Prediction of molecular diffusion and solubility
We have employed the KM-SUB model 49 to infer values of H O 3 , D O 3 and D Fe shown in Fig. 4 which reproduce observed 2-D profiles in a. Although KM-SUB has been previously constrained with data relating to the uptake of gas phase oxidants by particles, our data set is novel in that it is the first study to present spatially-resolved condensed-phase concentration profiles. We reiterate that KM-SUB has predicted aerosol particle internal radial composition profiles 46, 49, 95 but up until now, there has been no direct observational evidence that they existed. For direct comparison with our observed profiles in Fig. 3 , radial profiles from KM-SUB were converted to 2-D hemispherical projections of a described in more detail in the ESI † and shown in Fig. S6 . We have fit modeled 2-D profiles to our observations for all RH each having 4 optimized parameters, H O 3 , D O 3 and D Fe , as well as the initial Fe 2+ fraction, a 0 . We note that the value of a 0 was constrained by our observations, i.e. it was forced to be within our measurement and uncertainty range. All other parameters used in KM-SUB were taken from previous literature 49 for shikimic acid and involve surface processes with O 3 . Although the authors did not use iron, we assume that the iron in combination with the xanthan gum matrix behaves as shikimic acid in Berkemeier et al. 49 Parameter values and their descriptions can be found in Table 1 and described in the ESI. † A rate coefficient for O 3 and FeCl 2 was derived from previous studies 57-61 following,
and
The rate coefficient, k, for reaction (R1) has been reported [57] [58] [59] [60] [61] 96 in a range, k = (1.7-8.2) Â 10 5 M À1 s À1 between a temperature of 20 and 25 1C. Logager et al. 59 claimed that for an excess of Fe 2+ , reaction (R2) should be the dominant sink for FeO 2+ (ferryl iron) with k = 1.4 Â 10 5 M À1 s À1 . Production of OH and reaction with FeO 2 + is also negligible with an excess of Fe 2+ . 59 In general, FeO 2+ is a very selective reactant and only oxidizes electron-rich organics, 97 thus we suspect XG plays no role in oxidation of iron with O 3 . Aerosol particles used in our experiments had [Fe 2+ ] on the order of 1 M implying that reaction (R2) is very fast. Therefore, we suggest the net reaction
where k R1 = k R3 . We use k R3 = 3.7 Â 10 5 M À1 s À1 (which is the geometric mean of reported k R1 values) equivalent to 6.2 Â 10 À16 cm 3 s À1 indicated in Table 1 to model bulk O 3 reaction in our particles. It is important to note that the measured temperature dependence 96 of k R1 between 20 and 25 1C is negligible compared to measurement variability given above. Fig. 3 shows that the optimization of model-generated 2-D a profiles (solid lines) agree well with our measurements (circles), which is remarkable considering the large differences in [O 3 ] g and the long exposure time on the order of hours. Consistently, Fe was predicted to remain more reduced in particle cores than at particle surfaces. Although not explicitly fit, the modeled a averaged over the entire particle, shown as solid lines in Fig. 2 , captures the observed decay and reveals the consistency between modeled and measured a. The fitting parameters, H O 3 , D O 3 and D Fe are given in Table 1 and shown in Fig. 4 . We note that there is an obvious and expected trend that as RH decreases, both D O 3 and D Fe values decrease and H O 3 increases. A model sensitivity analysis on H O 3 , D O 3 and D Fe is detailed in the ESI † ( Fig. S10 and S11). Following previous work, 49 we calculated the parameter range at which the sum of the squared residual values between observed and model derived 2-D profiles in a varied by 20%, indicated as error bars in Fig. 4 .
With regard to O 3 transport, D O 3 at RH = 0% was equal to 2.48 Â 10 À16 cm 2 s À1 and increased about 8 orders of magnitude to 4.17 Â 10 À8 cm 2 s À1 at RH = 80%. At this high humidity, D O 3 was 3 orders of magnitude less than for water, D O 3 ¼ 1:9 Â 10 À5 cm 2 s À1 taken from previous work. 49, 98 Following the Stokes-Einstein relation, the molecular diffusion coefficient is inversely proportional to the viscosity of the matrix that the molecule moves through and inversely proportional to the molecular radius. 99, 100 In pure (dry) shikimic acid for example, D O 3 = 2.90 Â 10 À12 cm 2 s À1 , which is 4 orders of magnitude faster than for dry XG/FeCl 2 particles. Since D O 3 for pure XG is less than for pure shikimic acid, its viscosity should also be higher. It should be noted, however, that for some organic components or when particle viscosity is in excess of 10 Pa s, 94 solution at RH = 80% should be 3 orders of magnitude less than for water. However, the difference in viscosity of XG at RH = 80% (previously suggested to be glass-like at 10 13 Pa s) and water viscosity (10 À3 Pa s) is 16 orders of magnitude. We speculate that this discrepancy may be due to the porous nature of XG, and that pores may have swelled or expanded during water uptake 103 similar to other hydrogels. 104 Therefore, O 3 mobility may be enhanced in hydrogels that swell compared to what is predicted from the Stokes-Einstein relation. For iron transport, D Fe was similar to D O 3 at low RH, and a few orders of magnitude less than D O 3 at higher RH. Values of D Fe had a range of about 5 orders of magnitude from dry to RH = 80%. We note that we have not reported on a selfdiffusion coefficient of XG in aqueous solution, but it can be found for dilute aqueous solution in previous literature, 105 e.g. for a 10 g L À1 solution (having a water activity 4 0.99) attaining 10 À8 cm 2 s À1 which is about 3 orders of magnitude less than D O 3 or D Fe . We suggest that XG self-diffusion coefficients should be less than D O 3 or D Fe at all RH. A caveat of our analysis is that Fe 2+ may complex with XG 106, 107 and therefore, D Fe may be considered an apparent transport of free ions and those in complex which may have higher and lower diffusion coefficient values, respectively.
In dry XG/FeCl 2 particles, H O 3 = 2.21 Â 10 À2 mol cm À3 atm À1 , which is about 3 orders of magnitude higher than for pure water, H O 3 ¼ 1:20 Â 10 À5 mol cm À3 atm À1 . Greater solubility of O 3 in organic liquids compared to water is well known 38, 49, 93 and can be explained by a ''salting-in'' effect. This is characterized by an increase in the product of ionic strength and activity coefficients of the solution (i.e. decreasing water content) and thus causes an increase in gas solubility. We note that a similar result is found for O 2 solubility, which is generally higher in organic liquids than in water. 108, 109 The degree to which activity of XG/FeCl 2 solutions changes as a function of RH is not known. Polymer chains in XG can overlap, aggregate and cross-link 105 giving rise to anomalous behavior of XG and oxygen diffusion coefficients in aqueous XG solution. 105, 110 It may be possible that our ternary XG-FeCl 2 -water system is non-ideal and deviates from ideal mixing. To our knowledge, this is the first report of O 3 solubility in XG. In some polymers, H O 3 can be greater or less than H O 3 such as Hyflon AD80 and Teflon, having H O 3 = 1 Â 10 À4 and 4 Â 10 À6 mol cm À3 atm À1 , respectively. In XG/FeCl 2 particles, the optimized H O 3 parameter is higher than expected for polymers, and the reason is not yet entirely clear. It may have to do with our optimization and model sensitivity described in the ESI. † We suggest further measurements should be performed in dilute and concentrated XG solutions to understand and quantify H O 3 in XG and the trends with RH and water content. Table 1 . The 3-D profiles of a in Fig. 5 were used to derive the 2-D derived profiles seen in Fig. 3 (solid lines) . Gradients in a at RH = 0% (Fig. 5a ) spanned a few nanometers, but extended hundreds of nanometers through the particles at RH = 80% (Fig. 5i ). Despite the extent of gradients in a, O 3 was found only in the first picometer to 2.7 nm at RH = 0 to 80%, respectively. We note that a length of 1 pm is much smaller than the molecular scale and the Fe 2+ ionic diameter of 0.7 Å. However, constraining layer thickness to 0.3 nm as previously done 49 could not resolve O 3 chemical gradients in our case. We defined layer thickness in KM-SUB without a lower limit to satisfy continuum conditions. This had no consequence, however, because bulk transport follows Fick's Law treating an ensemble of molecules. In general, oxidation reactions can have only taken place where O 3 was present at or near the surface of particles, and so gradients in a extending far past O 3 penetration depths to nanometers and hundreds of nanometers must have been the result primarily of Fe transport.
A case for using a reacto-diffusive framework
Our observations allowed us to test assumptions for predicting a: the most basic is that our particles were well-mixed for both Fe 2+ and Fe 3+ and also for O 2 and O 3 in equilibrium with 
where k R4 = 0.3 M À1 s À1 taken from previous literature [111] [112] [113] [114] and note that the temperature dependence is negligible for measurements between 20 and 25 1C. Assuming that Henry's Law constant for O 2 in water, H O 2 ¼ 1:3 Â 10 À8 M Pa À1 , 115 applies to our XG/FeCl 2 with a O 2 partial pressure of 30 mbar (for the PolLux environmental microreactor at a total pressure of 150 mbar), the equilibrium condensed phase O 2 concentration was 3.9 Â 10 À5 M. Then, the first order loss rate for Fe 2+ , k I , in reaction R4 is k I R4 = 1.2 Â 10 À5 s À1 . We compare this to k I = 1.6 Â 10 À2 s À1 calculated using H O 3 for water 115 and [O 3 ] g = 150 ppb or 0.015 Pa partial pressure. Since k I R3 is 3 orders of magnitude larger than k I R4 , it comes as no surprise that to achieve a similar decay of a due to O 3 observed over hours, an experiment with only O 2 would need to last thousands of hours longer. This is consistent with our finding that O 2 reaction in our system is negligible. Applying k I R4 = 1.2 Â 10 À5 s À1 , we calculate the loss of a = a 0 exp(k I R4 t). After t = 2 h, a would be depleted by 8%. Using k I R3 , a would be 100% depleted. Clearly, this is in disagreement with our observations. If XG acted as a ligand for Fe 2+ , this may change the rate of reaction and whether reaction rates are enhanced or reduced may depend on the specific system involved. A previous study 114 found that rate coefficients of O 2 with a Fe 2+ -fulvic acid complex was 100 M À1 s À1 , which is over 100 times greater than k I R4 . Another previous study found that iron oxidation with OH, H 2 O 2 and HO 2 was observed to (e and f), 60% (g and h) and 80% (i and j). The color scale from 0-1 is the same for both a shown in the left panels (a, c, e, g and i) and [O 3 ] norm shown in the right panels (b, d, f, h and j). The distance from the particle surface is the ordinate. Note that the scales for all panels can be different.
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be only 3 times higher with humic acid ligands from waste water than without. 116 In contrast, it was found that iron in steel was complexed with XG in dilute solution and that oxidation and corrosion due to HCl was inhibited 107 implying a reduction in reaction rate. Due to a lack of observations of O 3 oxidation of xanthan gum ligands with Fe, we maintain our choice of k R3 , and argue decreasing molecular transport of Fe and O 3 leads to a significant decrease in the loss rate of Fe 2+ far lower than expected when considering particles are well-mixed and in Henry's Law equilibrium. We test the applicability of a reacto-diffusive framework described in Steimer et al. 38 to predict ozone transport and reaction into our particles. This is an analytical solution to the chemical loss as a function of t, which assumes that O 3 reaction occurs in a thin shell or over a much smaller length scale than the particle diameter and that Fe 2+ is homogeneously mixed. Following Steimer et al. 38 the time rate of change of a is written as
where
is the reacto-diffusive rate constant, 38 R is the universal gas constant, and 6/d p is the surface to volume ratio of our particles assuming they are half spheres. Substituting eqn (3) into (2) and rearranging gives the following relationship
The left hand side of eqn (4) is entirely dependent on measurable and available quantities while the right hand side is in terms of the fitted parameters used in KM-SUB. Therefore, this provides a point of comparison to evaluate the suitability of the reacto-diffusive framework to predict Fe oxidation reaction and can be calculated for each individually probed particle. (Table 1) . Median values are indicated by a horizontal solid line within the boxes. It is important to note that for some particles, mainly those investigated within minutes of the start of reaction, depletion of a is small and scatters around a 0 . This leads to negative values of ffiffi ffi a p À ffiffiffiffi ffi a 0 p and thus negative values of Fig. S12 in the ESI †), which is physically unrealistic. However, we choose to include these in Fig. S12 (ESI †) as they contribute to the scatter in our data. If a data point falls outside of three times the median absolute deviation, it is considered an outlier and shown as a symbol with a cross in Fig. S12 (ESI †) .
Direct comparison of data and model (eqn (4)) validate the use of the reacto-diffusive framework. An important feature of eqn (2) and (3) is that D Fe is not required, because reactodiffusive framework assumes a homogeneous distribution in a. Despite that we observed chemical gradients ( Fig. 3) , this assumption is ''good enough'' within our experimental conditions due to agreement in Fig. 6 . We rearrange eqn (4) to calculate a(t) following
shown in Fig. 2 as dotted lines, where the shading represents the quartile range of observed H O 3 ffiffiffiffiffiffiffiffi ffi D O 3 p and using the geometric mean of d p respective to each experiment. We note that eqn (5) used only our observations and no fitted parameters. There is generally good agreement between our data, the reactodiffusive framework and the KM-SUB model considering all uncertainties. At RH = 0 and 20%, there is a significant data scatter and the 25th percentile level goes below zero. It is important to note that the product H O 3 ffiffiffiffiffiffiffiffi ffi D O 3 p should not depend on particle surface to volume ratio (Fig. S12 in the ESI †) if the reacto-diffusive framework is valid. This was generally the case for all RH within the scatter of our data, expect for experiments at RH = 60% when [O 3 ] was relatively high and a approached close to zero. Eqn (5) does not take into account all size dependent factors 117, 118 and will miss out on those induced by the diffusion limitation of Fe. This may lead to an over-prediction of the decay of a by the reacto-diffusive framework. For example, the lifetime of Fe 2+ calculated using Table 1 .
the reacto-diffusive framework is about 22 and 3 times shorter than for KM-SUB at RH = 0 and 80%, respectively, using the same parameters as in Table 1 and constant [O 3 ] g = 50 ppb. Eqn (3) describes how, in the reacto-diffusive regime, the rate constant is inversely dependent on d p . Increasing or decreasing the modeled d p from 1 mm will tend to over or under predict a, respectively. In other words, particles that are expanding due to water uptake would appear to have a lower rate of iron oxidation. Note that the model employs a fixed d p at different RH and thus corresponds to effectively different dry diameters. The same applies to the experiment, due to the fact that different particles are probed at each time (a different field of view) under different RH. A new random population of particles is imaged at each time point. These humidity effects should not significantly affect our parameter optimization because the scatter of our data shown in Fig. S12 (ESI †) is generally larger than effects due to particle size. The vast number of particles and the high time resolution used in our observation ensures enough data is available to effectively conclude that the reactodiffusive framework is an acceptable approximation for the KM-SUB model to describe O 3 oxidation in our experiments. We argue that a reacto-diffusive limitation may apply to O 2 as it does for O 3 . We observed no loss of Fe 2+ during O 2 exposure over hours. At RH = 80%, a 0 = 0.78, and 2-4 hours of O 2 reaction assuming homogeneous mixing of both O 2 and Fe 2+ would result in a = 0.71-0.65. We should have been able to observe this decay considering our uncertainty in a, especially when using a three times higher O 2 particle pressure for experiments at RH = 0%, 20% and 60%. Assuming that D O 2 was identical to that of D O 3 , we determined the reacto-diffusive
, at dry conditions and RH = 80% for O 2 on the order of 0.1 nm to 1 mm. These estimates indicate that O 2 reaction may have also been diffusion limited similar to O 3 . However, to fully evaluate this, time scales of days would be required to study O 2 transport and reaction in this system. Our findings that O 3 reaction is diffusion limited led us to speculate that other condensed phase reactions involving organic species can also be slowed due to low diffusion coefficients. There is increasing evidence that predicting secondary organic aerosol (SOA) mass must take into account condensed phase chemical reactions that include in part, oligomerization or acid catalyzed and accretion reactions that significantly increase molecular weight, reduce re-evaporation of organic compounds to the gas phase and thus add to the total mass of SOA. 11, 13, 119, 120 Examples of these are glyoxal uptake and reaction, 121 oligomerization of volatile condensed phase molecules, 122 aldol condensation and esterification. 20, 123 Isoprene epoxydiols (IEPOX) are major gas phase products of isoprene oxidation that are highly soluble and reactive in the condensed phase. 11, 13 When depleted in the condensed phase due to chemical reaction there, a net reactive uptake of IEPOX has been shown to lead to increasing organic and organosulfate formation contributing significantly to aqueous SOA mass in atmospheric environments. 124 However, Zhang et al. 125 showed in a laboratory study that when organic coatings were present on acidic aerosol particles, IEPOX reactive uptake decreased as coating thicknesses increased up to 32 nm and when RH was decreased from 50 À 15%. We speculate that irreversible uptake of IEPOX may also be diffusion limited. In general, diffusion limitations slow reactions compared to predictions considering homogeneous mixing and equilibrium with Henry's Law. For this reason, we suggest that aerosol chemical studies should be evaluated with the reacto-diffusive framework described here and in previous work 38, 117, 118 to test its predictive capability under a range of atmospheric conditions. We call for a database of diffusion coefficients and Henry's Law constants applicable for oxidants and reactants in highly concentrated aerosol particles. 94 This would preferably be for a wide range of temperature and humidity and for materials such as secondary organic aerosol and their proxies. 16 Doing so would allow further evaluation of when reaction and diffusion limitations apply and elucidate how pervasive they are to atmospheric multi-phase chemistry.
Conclusions
We have measured chemical gradients within individual aerosol particles containing xanthan gum and FeCl 2 due to heterogeneous reaction with O 3 . Oxidation from Fe 2+ to Fe 3+ was imaged in 2-D using STXM/NEXAFS prior to and during in situ O 3 exposure for hours. Using a novel 2-D concentric perimeter analysis and careful error propagation, we were able to derive 2-D reaction profiles with well-defined uncertainties. Thousands of particles were probed, each with hundreds of pixels that provided quantitative spatial and chemical information about the reaction with O 3 . We found that during O 3 exposure, increased oxidation occurred with increasing RH and [O 3 ] g . At all reaction time and at particle perimeters, i.e. the outer most pixels of all particles, a was consistently less than concentric pixels toward the particle center. Therefore, we conclude that O 3 oxidized particle surfaces more than interiors. Observed 2-D gradients in a from perimeter to center were shallow and ranged roughly by about 0.2 over the first 200 nm at RH = 0 and 22%. At RH = 43, 60 and 80%, a difference of 0.2 in a occurred for Z500 nm. We conclude that changes in O 3 and Fe transport must have occurred and were driven by the water content in xanthan gum, which is known to increase with increasing RH. To test this conclusion, we used the kinetic multi-layer model for aerosol surface and bulk chemistry, KM-SUB. Using previous literature values where possible and fitting parameters for diffusion coefficients of O 3 and Fe 2+ , as well as Henry's Law constants for O 3 as a function of RH, we were able to predict 2-D concentration profiles. This is the first time that a direct comparison between observed and predicted internal aerosol spatio-chemical changes has been achieved. Resulting diffusion coefficients increased exponentially as a function of RH and was parameterized using a Vignes-type equation. H O 3 decreased exponentially as a function of RH and could also be described using a Vignes-type equation. A volume mixing rule over-predicted H O 3 and is advised not to be used for this system. Our findings may apply for ozone in marine derived organic aerosol due to XG being a proxy of polysaccharide and exopolymer particles found to be aerosolized from oceans.
We have used a limiting case in heterogeneous aerosol chemistry referred to as a reacto-diffusive kinetic regime to describe our results following a square root dependent loss rate of a. The corresponding framework described oxidation by O 3 to occur in a thin layer at the aerosol surface with uniformly distributed (or well-mixed) condensed phase Fe 2+ concentration in the bulk. However, this was not supported because shallow gradients in Fe 2+ were, in fact, observed. Despite this, we tested the appropriateness of this approximation using only observed values to derive the product of the Henry's Law constant and the square root of the diffusion coefficient for
, at all experimental conditions. This product could be directly compared with those derived from KM-SUB. It was found that within experimental uncertainties, total depletion of Fe 2+ could be reproduced for all experiments, and we conclude that the reacto-diffusive framework was applicable to describe the chemical gradients observed here. This approximation makes predicting the loss rate of aerosol components significantly easier with no computational expense compared to the KM-SUB or any other multilayer reaction and diffusion models. Furthermore, important chemical and physical parameters in the reacto-diffusive framework such as diffusion coefficients, Henry's Law constants, and second order bulk reaction rates are currently capable of being derived in a laboratory setting or a controlled setting in the ambient atmosphere. We have derived these parameters for O 3 and Fe using KM-SUB in xanthan gum, a proxy for a natural biogenic source of organic matter emitted directly into the marine atmosphere. Their use should give better representation of condensed phase loss and production rates of reactants and products in marine aerosol with O 3 . Furthermore, we also suggest that the reacto-diffusive framework should be evaluated for various oxidants and reactants under a wide range of temperature and humidity to further validate its use in atmospheric heterogeneous chemical reactions.
